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Blue Native-PAGEion (Tat) machinery which is capable of transporting folded proteins across lipid
bilayers operates in the thylakoid membrane of plant chloroplasts as well as in the cytoplasmic membrane of
bacteria. It is composed of three integral membrane proteins (TatA, TatB, and TatC) which form heteromeric
complexes of high molecular weight that accomplish binding and transport of substrates carrying Tat
pathway-speciﬁc signal peptides. Western analyses using afﬁnity puriﬁed antibodies showed in both,
juvenile and adult tissue from Arabidopsis thaliana, an approximately equimolar ratio of the TatB and TatC
components, whereas TatA was detectable only in minor amounts. Upon Blue Native-PAGE, TatB and TatC
were found in four heteromeric TatB/C complexes possessing molecular weights of approximately 310, 370,
560 and 620 kDa, respectively, while TatA was detected only in a molecular weight range below 200 kDa. The
implications of these ﬁndings on the currently existing models explaining the mechanism of Tat transport are
discussed.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
Among the four protein transport pathways which have been
identiﬁed at the thylakoid membrane of chloroplasts, the ΔpH-
dependent Tat (twin arginine translocation) pathway is of particular
interest because of its unusual mechanism: it does not require soluble
factors nor nucleoside triphosphates but depends on the proton
gradient that is generated during photosynthesis across the thylakoid
membrane (summarised in Müller and Klösgen [1] and Robinson and
Bolhuis [2]), although the transmembrane electric potential can
likewise serve as an energy source under certain conditions [3].
Furthermore, it is able to transport both folded and unfolded
polypeptide chains [4–6]; however, unfolded polypeptide chains
exceeding a critical length may stall in the membrane without
completion of the transport process [7]. Transport of folded proteins
was also shown for the homologous Tat pathway operating at the
cytoplasmic membrane in E. coli (summarised in Lee et al. [8] and
Sargent [9]) for which it is even a matter of debate if folding of the
passenger protein is a prerequisite for its transport [10–12].
To date, three components of the thylakoidal Tat machinery have
been identiﬁed which are addressed as TatA (or Tha4), TatB (or
Hcf106), and TatC (or cpTatC), respectively [13–15]. They are all
encoded in the nucleus and synthesised in the cytosol as precursor: +49 345 55 27 285.
(R.B. Klösgen).
l rights reserved.polypeptides with N-terminal transit peptides for transport into the
chloroplast. After maturation, the Tat proteins are integral compo-
nents of the thylakoid membrane. TatC is a polytopic membrane
protein carrying six transmembrane helices and an N-terminal
stromal domain, while TatA and TatB have a bitopic topology with a
single N-terminal membrane anchor [16,17].
Mechanistically, protein transport by the Tat pathway is initiated
by direct insertion of the substrate protein into the target membrane
[18,19], followed by its interactionwith the oligomeric TatB/C receptor
complex [20,21] which in pea thylakoids has an apparent size of
approximately 560–700 kDa [20,22,23]. Subsequent membrane
translocation of the passenger protein depends on the TatA compo-
nent of the Tat transport apparatus which joins the preformed TatB/C
complexes only transiently in the presence of both, Tat substrate and
transthylakoidal pH gradient [23,24]. The ﬁnal step in the transloca-
tion process is the removal of the signal peptide, which presumably
takes place after lateral release of the fully translocated substrate from
the Tat complex into the lipid bilayer [25].
It was the scope of this work to analyse the accumulation and
stoichiometry of the components of the Tat protein transport
machinery in the thylakoidmembrane of Arabidopsis thaliana, because
there is a substantial interest to establish the biochemical analysis of
this genetic model system. From the complete genome sequence
available for A. thaliana it can be deduced that TatA, TatB, and TatC are
each encoded by single copy genes. Our analyses yielded several
unexpected results that are discussed with regard to the current
models on the mechanism of Tat-dependent protein translocation.
Fig. 1. Raise of antibodies against Tat proteins from Arabidopsis thaliana. (a) Schematic
representation of the nuclear encoded precursor proteins TatA, TatB, and TatC from
A. thaliana. The transit peptides (striped boxes), transmembrane domains (black boxes),
and hydrophilic loops (white boxes) predicted for each protein are depicted. The grey
boxes indicate the respective stromal domains of the Tat proteins that were over-
expressed in E. coli and used for immunisation of rabbits. The arrowmarks the positions
predicted for the beginning of the respective mature proteins. In the amino acid
sequence of the stromal TatAdomain (top lane) both, theN-terminal lysine residue (K85)
as well as the serine (S100) found at the N-terminus of the TatA fragment accumulating
in the bacterial cytosol after expression (see text), are highlighted. (b) Purity and
electrophoretic behaviour of the overexpressed Tat fragments. 50 ng of each Tat
fragment (TatAfr, TatBfr, and TatCfr, respectively) puriﬁed from the bacterial cytosol by
combined Ni2+-afﬁnity chromatography and reversed phase HPLC were separated on a
15% SDS-polyacrylamide gel and silver stained. The molecular weights (in kDa) of the
marker proteins loaded in parallel are indicated on the left. (c) UV/VIS-spectra of the Tat
fragments after reversed phase HPLC puriﬁcation (0.1mg/ml in 10mMphosphate buffer,
pH 7.2). TatBfr and TatCfr show absorption at 280 nm due to the presence of three
tyrosines (TatBfr) and four tyrosines plus one tryptophane (TatCfr) in their amino acid
sequences. In contrast, TatAfr lacks any amino acid residue absorbing light of 280 nm. (d)
Total protein extracts obtained from 2 week old shoots (2w, corresponding to 3 μg
chlorophyll) or thylakoid proteins prepared from 7 week old rosette leafs (7w,
corresponding to 12 μg chlorophyll) were separated on 15% SDS-polyacrylamide gels
and either stained with Coomassie Brilliant Blue (left panel) or transferred to PVDF
membranes and subjected toWestern analysis using antisera raised against TatAfr, TatBfr,
or TatCfr, respectively. The immunoblots were developed by either ECL (TatA) or alkaline
phosphatase-coupled detection (TatB and TatC). The asterisks in the TatA panel indicate
cross reactions of the antibody (see text for details).
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2.1. Heterologous expression and puriﬁcation of His-tagged Tat
protein fragments
DNA fragments encoding the stromal segments of TatA, TatB or
TatC from A. thaliana (gene accession numbers AT2g01110,
AT5g28750, and AT5g52440, respectively) were obtained by PCR
using a cDNA library generated from adult Arabidopsis leaves as
template. The following primers were used (a) TatA: 5′tatcat-
gaagaaacttcctgagattggc3′ and 5′atagatcttacattctcctttgagc3′; (b) TatB:
5′tatcatgaaaggtcttgctgaggtag3′ and 5′atagatctatcttgccttggaggagatg3′;
(c) TatC: 5′ccatgggttgtccttacgctgtaact3′ and 5′caagatcttattctctccc-
ggagctc3′. The ampliﬁed DNA fragments were cut either with
BspH1 and BglII (TatAfr and TatBfr) or with NcoI and BglII (TatCfr)
and cloned into the bacterial expression vector pQE-60 (Quiagen)
that was restricted with NcoI and BglII yielding chimeric fusion
constructs with C-terminal hexahistidine-tags.
The His-tagged Tat protein fragments were overexpressed in E. coli
and recovered from the bacterial cytosol using Ni2+-afﬁnity chroma-
tography (HiTrap Chelating HP columns, GE Healthcare) according to
the manufacturer's instructions. Further puriﬁcation was done by
reversed phase HPLC (column: EC 125/4 Nucleosil 500-5 C3-PPN,
Macherey and Nagel; ﬂow rate: 1 ml/min; detection wavelength:
220 nm) applying an acetonitrile-water gradient (solvent A: water
+0.05% triﬂuoroacetic acid; solvent B: acetonitrile +0.05% triﬂuoroa-
cetic acid; gradient from 20 to 80% solvent B within 30 min). The
freeze-dried proteins were weighed on a balance, dissolved to
0.1 mg/ml PBS and stored at −20 °C. For TatBfr and TatCfr, the exact
concentration of the resulting polypeptide solution was conﬁrmed
from absorption spectra [36]. For TatAfr this was not possible
though, because it lacks any residue absorbing light at a wavelength
of 280 nm (Fig. 1c).
2.2. Isolation of proteins from A. thaliana
Thylakoid membranes were prepared according to Kieselbach
et al. [26] from rosette leaves of A. thaliana plants grown for
7 weeks under an 8 h-photoperiod and solubilised either with lysis
buffer for BN-PAGE according to Berghöfer and Klösgen [22] or with
Laemmli sample buffer for 10 min at 25 °C (note that samples were
not heat treated prior to SDS-PAGE). Total proteins from shoots of
2 week old plants were obtained by grinding 1 g plant material
(fresh weight) in liquid nitrogen followed by solubilisation in 10 ml
Laemmli sample buffer lacking the bromophenole blue dye. The
chlorophyll content of the samples was measured according to
Arnon [27].
2.3. Western analysis and quantiﬁcation of Tat proteins
For quantiﬁcation of the Tat proteins by Western analysis,
protein samples were separated by SDS-PAGE on 15% polyacry-
lamide gels (20×20×0.15 cm) and transferred onto PVDF
membranes with a pore size of 0.2 μm. Protein transfer was
performed by semidry blotting (2 h at 1.5 mA/cm2) using freshly
prepared and pre-degassed SDS-PAGE running buffer. Transfer
efﬁciency was routinely assessed by “control stains” after blotting
and conﬁrmed with experiments measuring the transfer efﬁciency
of radiolabeled Tat proteins obtained by in vitro translation. The
loading capacity of the chosen gels combined with alkaline
phosphatase-coupled detection allowed for both, TatB and TatC,
to identify three data points each within the linear range of the
respective dose response curves. In contrast, the low amount of
TatA necessitated ECL detection [32] and allowed identiﬁcation
of more than a single data point only in those assays analysing
thylakoids.
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Polyclonal antibodies against the Tat fragments (TatAfr, TatBfr, and
TatCfr, respectively) were raised according to standard protocols [28].
Afﬁnity puriﬁcation of the polyclonal antibodies was performed
according to Narhi et al. [29]. Standard SDS-PAGE was done according
to Laemmli [30]. Blue Native-PAGE [31] was performed as described
in Berghöfer and Klösgen [22]. For the 2D analysis of proteins
combining Blue Native-PAGE and SDS-PAGE, the BN-gel strips were
incubated for 10 min at 40 °C in Laemmli electrophoresis buffer
supplemented with 1% SDS and 0.1% mercaptoethanol and subse-
quently ﬁxed on the SDS-gel with 1% agarose. All other methods
followed published protocols [33].
3. Results
3.1. Overexpression and puriﬁcation of the soluble Tat domains
The C-terminal hydrophilic domains of subunits TatA and TatB as
well as the N-terminal stroma exposed segment of TatC (Fig. 1a)
were overexpressed in E. coli as fusion polypeptides carrying
hexahistidine extensions at their C-termini. In all three instances,
signiﬁcant amounts of the respective protein fragments accumu-
lated in the bacterial cytosol which were subsequently puriﬁed by
combined Ni2+-afﬁnity chromatography and reversed phase HPLC,
and examined by analytical SDS-PAGE (Fig. 1b).
Remarkably, all three polypeptides show signiﬁcantly higher
apparent molecular weights upon SDS-PAGE than deduced from the
corresponding cDNA sequences (TatAfr: 8.1 kDa, TatBfr: 17.9 kDa,
TatCfr: 12.2 kDa). Therefore, the overexpressed protein fragments
were subjected to mass spectrometry. It turned out that the molecular
weights determined for the stromal domains of TatB and TatC match
well to that calculated from the polypeptide sequences (data not
shown) demonstrating that the aberrant electrophoretic behaviour
must be a gel artefact. In contrast, mass spectrometry of the
overexpressed TatA fragment identiﬁed a polypeptide of only
6374 Da (calculated mass: 8114 Da), which corresponds to a truncated
TatA fragment starting with the serine residue at position 100 of the
TatA precursor protein (Fig. 1a). This suggests that the overexpressed
polypeptide was N-terminally truncated by an unknown peptidase
upon accumulation in the bacterial cytosol. Thus, in the case of the
TatA fragment the discrepancy between true molecular weight and
apparent electrophoretic mobility is even more pronounced than
anticipated.
3.2. Identiﬁcation of the Tat subunits in A. thaliana
All three Tat protein fragments puriﬁed were used for immunisa-
tion of rabbits as well as for the subsequent afﬁnity puriﬁcation of the
respective antibodies. Western analyses conﬁrmed that each antibody
preparation obtained was capable of recognising the corresponding
Tat component both in total shoots and isolated thylakoids from A.
thaliana (Fig. 1d).
While in the case of TatB and TatC only single proteins are
recognised, the puriﬁed TatA antibody labels four (approx. 90 kDa,
27 kDa, 17 kDa, 16 kDa) and two (approx. 17 kDa, 16 kDa) polypeptide
species in 2 week old shoots and 7 week old thylakoids, respectively.
Accumulation of these proteins on immobilized TatA antibodies and
subsequent mass spectrometry could show that both, the 16 kDa and
17 kDa protein, represent TatA, whereas the two other bands result
from cross reaction of the antibodies with a 86 kDa translation
elongation factor (At1g62750) and a so far unknown 27 kDa protein.
The reason for the appearance of two TatA protein fractions of
16 kDa and 17 kDa, respectively, remains unknown so far. The ratio of
the two proteins depends on the developmental stage of the tissue
analysed. While the 16 kDa polypeptide represents the major fractionin young shoots, it is found only in minor amounts in adult leaves (Fig.
1d). The apparent molecular weights of 16 kDa and 17 kDa are about
twice as high as the calculated value of 9.3 kDa for the mature TatA
protein from A. thaliana which is in line though with the migration
pattern published for TatA from pea [15,35].
The TatB antibody recognises a single band of approximately
31 kDa, both in young and adult Arabidopsis plants (Fig. 1d). Again, like
with TatA, the apparent molecular weight deviates signiﬁcantly from
the mass of approximately 19 kDa calculated for the mature protein. A
similar deviation was described also for TatB from maize and pea
[15,35]. Western analyses performed with the TatC antibodies identify
a single protein of approximately 28 kDa in both, young and adult
Arabidopsis plants (Fig. 1d). The apparent molecular weight is
moderately smaller than the calculated value of 34.3 kDa, in line
with results published for pea [15].
3.3. Stoichiometry of Tat proteins in thylakoid membranes of A. thaliana
In order to quantify the amount of each Tat subunit within the
thylakoid membrane, quantitative Western experiments were per-
formed in which the concentration of a detected protein is deduced
from signal intensity. For this purpose, dilution series of solubilised
thylakoids isolated from 7 week old rosette leaves and total protein
from whole shoots of 2 week old A. thaliana were separated by SDS-
PAGE and subjected to Western detection (Fig. 2a). Dilution series of
the corresponding puriﬁed Tat fragments which were loaded in
parallel onto each gel served as reference to generate the calibration
curves.
Development of such Western blots by alkaline phosphatase-
coupled assays yielded for TatA in the Arabidopsis samples only signals
that were close to the detection limit (Fig. 2a) indicating an
unexpected low rate of TatA accumulation in this plant species.
Therefore, quantiﬁcation was performed in this case with Western
blots that were developed by ECL (e.g., Fig. 2b). Evaluation of the signal
strengths calculated as the sum of both the 16 kDa and 17 kDa bands
demonstrated that TatA accumulates only to approximately 14 fmol/
μg chlorophyll in 7 week old plants (Fig. 2e). Evenweaker signals were
detected in 2 week old plant material for which a TatA content of less
than 10 fmol/μg chlorophyll was calculated. Due to low signal
strength, it was not possible to determine the concentration of TatA
in these samples more precisely. In contrast, TatB and TatC could be
detected in A. thaliana even with the less sensitive alkaline
phosphatase assay (Fig. 2c and 2d, respectively). Quantiﬁcation of
the Western data showed that 2 week old shoots contain approxi-
mately 210 fmol TatB per μg chlorophyll, whereas in 7week old rosette
leaves only about 140 fmol/μg chlorophyll are found (Fig. 2e). TatC, on
the other hand, which is detected in 2 week old shoots at a similar
concentration as TatB (approximately 180 fmol/μg chlorophyll) shows
a moderately increased accumulation of approximately 240 fmol/μg
chlorophyll in adult leaves (Fig. 2e).
Taken together, these data show an almost equimolar ratio of TatB
and TatC in juvenile A. thaliana plants which shifts into a slight surplus
of TatC over TatB in adult leaves. In contrast, the TatA content in A.
thaliana is at least one order of magnitude lower than that of TatB and
TatC, irrespective of the developmental stage analysed.
3.4. Estimation of TatA content in pea thylakoids
Sequence alignments could identify extended stretches of homol-
ogy between corresponding Tat proteins from A. thaliana and pea
(data not shown) suggesting that the polyclonal antibodies raised
against the Arabidopsis proteins might cross-react to some extent also
with the respective pea homologs. Therefore, dilution series of pea
thylakoids were included in the analyses described above. While for
the TatB and TatC speciﬁc antibodies only weak cross reaction with
TatB and TatC from pea was detectable even with the ECL-coupled
Fig. 2. Quantiﬁcation of Tat proteins in Arabidopsis thaliana. Dilution series of either
total proteins isolated from 2week old shoots or thylakoid proteins isolated from 7week
old rosette leaves of A. thalianawere separated by SDS-PAGE and subjected to Western
analysis using afﬁnity puriﬁed antibodies against TatA (a, b), TatB (c), or TatC (d). For
comparison, dilution series of the respective Tat fragments used for immunisation
(TatAfr, TatBfr, and TatCfr respectively) were loaded in parallel onto the same gels. In
panel (a), dilution series of thylakoid proteins from Pisum sativumwere included in the
analysis. The immunoblots were developed by alkaline phosphatase-coupled reactions
(a, c, d) or by ECL (b). On top of each lane, either the amount of the respective puriﬁed
Tat fragment (given in pmol) or the amount of plant extract loaded (as indicated by the
chlorophyll content in the samples) is shown. The molecular weights (in kDa) of marker
proteins loaded in parallel are indicated on the left. (a) The arrows point to the weak
signals obtained for TatA in A. thaliana. The asterisk marks an unspeciﬁc cross reaction
of the TatA antibody with a protein from pea thylakoids. (e) Accumulation of Tat
proteins in A. thaliana at different stages of development. The average amount
(including standard deviation) of each Tat protein was determined by quantifying three
independent experiments analogous to those shown in panels (b)–(d) using the
software package Image Master v. 2.0 (GE Healthcare). The signals corresponding to
32 μg chlorophyll in (c) and (d) were outside the linear range of the dose response curve
and therefore not included into the calculation.
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cross reactivity with a 16 kDa protein from pea thylakoids (Fig. 2a).
Remarkably, the signal strength obtained was signiﬁcantly stronger
than that observed with comparable amounts of A. thaliana thyla-
koids. Although quantiﬁcation of the pea signal is not really
appropriate due to limited sequence identity of the pea protein to
the antigen used for immunisation, the amount of TatA in pea, if
anyhow estimated from this signal, is approximately 130 fmol/μg
chlorophyll, which corresponds well to the values reported by Mori
et al. [15,35]. Thus, the low amount of TatA determined for A. thaliana
is not an artefact of the quantiﬁcation assay caused for example by an
impaired antibody reactivity but reﬂects the native situation.
3.5. Four preformed TatB/C complexes are found in thylakoids of
A. thaliana
In order to examine the consequences of the unusual Tat protein
stoichiometry on Tat complex formation in A. thaliana, Western
experiments were performed in which thylakoid membranes were
solubilised with digitonin and separated by Blue Native-PAGE.
ECL-based Western detection revealed for all three Tat proteins
signals in the molecular weight range below 200 kDa which
presumably represent monomers and low molecular weight oligo-
meric structures (Fig. 3a). For TatB and TatC, but not for TatA,
additional complexes in the high molecular weight range could be
detected. Four of these complexes, with molecular weights of
approximately 310, 370, 560 and 620 kDa, respectively, were
recognised by both, TatB and TatC antibodies (Fig. 3a), suggesting
that theymight represent heteromeric TatB/C complexes. Remarkably,
in the presence of Tat-speciﬁc precursor proteins the two larger
complexes (560 and 620 kDa) show reduced mobility upon Blue
Native-PAGE (Fig. 3b) indicating that these complexes are capable of
binding Tat substrates. This is in line with the presumed Tat B/C
receptor function and conﬁrms the functionality of the Tat machinery
from A. thaliana.
In order to examine the presumed TatB/C complexes more closely,
the proteins from the BN-gel strips were separated in the second
dimension by SDS-PAGE prior to Western analysis. It turned out that
TatB as well as TatC could be identiﬁed in four dot-like signals within
the region corresponding to complexes with molecular weights from
approximately 310 to 620 kDa (Fig. 3c). This ﬁnding could be
conﬁrmed by developing the Western membrane simultaneously
with both antisera, which showed that the signals representing TatB
and TatC are arranged directly upright from each other, i.e. the two Tat
proteins strictly comigrate upon BN-PAGE in four high molecular
weight complexes. Taken together, these results provide strong
evidence for the existence of four preformed TatB/C complexes of
approximately 310, 370, 560 and 620 kDa, respectively, in the
thylakoid membranes of A. thaliana.
4. Discussion
Our analysis unravelled in A. thaliana a stoichiometry of the Tat
subunits that is signiﬁcantly different to those published for E. coli
[37,38] and pea [15] which, in turn, show major deviations from each
other as well. In particular, TatA is found in signiﬁcantly lower
amounts in A. thaliana than in the two other systems. Assuming that
the mechanism of Tat systems operating in different organisms in
principle is identical, such divergent stoichiometries leading pre-
sumably to different composition of the Tat complexes are rather
unexpected. Estimation of protein amounts by quantiﬁcation of
Western signals, as performed in the analysis presented here, is
often regarded as “semiquantitative” because protein fragments used
for calibration and full-length authentic proteins can vary consider-
ably in size and hydrophobicity leading to differences in the efﬁciency
of the Western transfer. However, we have carefully controlled the
Fig. 3. Identiﬁcation of Tat complexes in thylakoid membranes of Arabidopsis thaliana. (a)
Thylakoid membranes corresponding to 40 μg chlorophyll were solubilised for 1 h at 4 °C
with 1.5% digitonin. After centrifugation for 1 h at 40,000 g, the supernatant was analysed
by electrophoresis on 5–13.5% Blue Native polyacrylamide gradient gels following the
protocol of Berghöfer and Klösgen [22] and either visualised directly (panel BN) or
subjected toWestern analysis using afﬁnity puriﬁed antibodies against Tat proteins (panels
TatA, TatB and TatC, respectively). The asterisk indicates the position of cytochrome f,
which in some cases cross reacts with the Tat antibodies, probably due to the excess
amounts of reducing agent in the SDS-PAGE buffer [34]. The prominent protein complexes
of the photosynthetic electron transport chain visible upon BN-PAGE served as size
markers (PSI: photosystem I, ∼700 kDa; ATP-S: ATP synthase, ∼640 kDa; PS II:
photosystem II, ∼480 kDa; Cytb/f: cytochrome b6/f complex, ∼430 kDa; LHC II: light
harvesting complex II, ∼280 kDa). The deduced molecular weights (in kDa) of the
identiﬁed Tat complexes are indicated on the right. (b) Thylakoid membranes which were
either preincubated before solubilisation with the Tat-speciﬁc precursor protein 16/EGFP
[6] (+S) or not (−S) were analysed as described in (a) using afﬁnity puriﬁed TatB antibodies.
The shift in electrophoretic mobility of the 560 kDa and 620 kDa TatB/C-complexes
upon binding of the Tat substrate is indicated by inclined lines. (c) 2D-analysis of thylakoid
complexes combining BN-PAGE and SDS-PAGE. Blue Native polyacrylamide gradient gels
similar to those shown in (a) were further analysed by SDS-PAGE and Western detection
using afﬁnity-puriﬁed antibodies (panels TatA, TatB and TatC, respectively). In the bottom
panel (Tat B+C), antibodies against TatB and TatC were added simultaneously to the
Western solution.
Table 1
Amounts and ratios of Tat proteins within different species
TatA TatB TatC Refs.
Total amount
(fmol/μg chl)
A. thaliana (2 weeks) b10 ∼210 ∼180 This paper
A. thaliana (7 weeks) ∼14 ∼140 ∼240 This paper
Maize – ∼167 – Calculated from
Mori et al. [35]
Pea 150–230 ∼160 ∼30 Calculated from
Mori et al. [15, 35]
TatA:B:C ratio
(TatB set=10)
A. thaliana (2 weeks) b0.5:10:8.5 This paper
A. thaliana (7 weeks) 1:10:17 This paper
Pea 16:10:2 Mori et al. [15]
E. coli 250:10:5 Jack et al. [37]
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efﬁciency using radiolabeled proteins (for details see Materials and
Methods), to rule out such reservations. Actually, the amount of TatA
determined might even be slightly overestimated in our analysisbecause we observed that the transfer of the authentic TatA as well as
that of all Tat protein fragments was quantitative under the chosen
conditions, whereas the transfer efﬁciency of the authentic TatB and
TatC proteins reached only about 70–80% (data not shown). Thus,
although an uncertainty within a factor of about two must be
considered in the discussion of the results, differences in the
stoichiometries spanning orders of magnitude cannot be explained
by methodical limitations. Instead, it should be kept in mind that not
all published data are based on the analysis of cells expressing Tat
components at wild-type levels.
4.1. Stoichiometry of the Tat subunits in Tat translocases
In all plant systems analysed to date, TatB is present at approxi-
mately 160–170 fmol/μg chlorophyll (Table 1, calculated fromMori et al.
[15,35]). In contrast, TatC is apparently 5–6 times less abundant in pea
(approximately 30 fmol/μg chlorophyll) than in A. thaliana. Although
this might reﬂect principle differences between Arabidopsis and pea,
methodical differences cannot be excluded. For example, we havemade
the experience that TatC is easily lost during preparation, because it
tends to aggregate upon boiling in Laemmli sample buffer and it does
furthermore not bind efﬁciently to PVDF membranes with pore sizes
N0.2 μm during Western transfer (data not shown). Remarkably, for E.
coli the ratio of TatB and TatC was determined to approximately 2:1, i.e.
ranging between Arabidopsis and pea (Table 1).
The most divergent results were described, however, for TatA. In A.
thaliana, TatA is found only in extremely low amounts (Figs. 2 and 3)
leading to an at least 10-fold molar excess of TatB over TatA (Table 1).
In contrast, for pea the TatA:TatB ratio was calculated to be
approximately equimolar (Table 1) [15,35] which is in line also with
our estimation of TatA amount in pea (Fig. 2a), i.e. TatA concentration
in the two plant species differs by approximately one order of
magnitude. In E. coli, the TatA:TatB ratio is even further displaced, as it
was calculated to be approximately 20–25:1 [37,38] (Table 1).
Howcan suchdrastic differences inTatA accumulationbe explained?
One might speculate that A. thaliana does not possess a fully functional
Tat machinery and that the low amount of TatA would be enough to
provide sufﬁcient activity for survival. However, this scenario seems not
only unlikely but is disproved by the efﬁcient thylakoid transport of
the EGFP reporter protein by Tat-speciﬁc transit peptides in transgenic
Arabidopsis plants [6]. Furthermore, as shown here (Fig. 3b) the Arabi-
dopsis Tat B/C receptor complexes of 560 and 620 kDa are capable of
binding Tat substrates in a similar manner as formerly described for pea
thylakoids [18,22], which likewise argues against the lack of functional
Tat machinery in A. thaliana. Instead, the fact that pea and E. coli show
signiﬁcant differences in the TatA:TatB ratio (Table 1) which is only
further extended by our data onA. thaliana suggests a signiﬁcant degree
of variability and thus functional independence of the TatA subunits
from the rest of the Tatmachinery. This assumption is further supported
by results comparing E. coli strains expressing tatABC at either wild-
type or approximately 20-fold increased levels [21]. BN-PAGE and
subsequent Western analyses of such strains show that in neither case
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strongestWestern signalswere obtained for TatB, which could be traced
already inwild-type cells, whereas both, TatA and TatC, were detectable
only in cells overexpressing tatABC [21]. Thus, in this case the TatA:TatB
ratio of E. coli resembles that of A. thalianawhichmight suggest that the
relative accumulation of the individual Tat proteins in E. coli varies with
the degree of expression.
4.2. Impact of TatA concentration on the mechanism of Tat-dependent
protein transport
What are the consequences of such variability in TatA concentration
for the mechanism of Tat-dependent protein transport? Many working
models describing membrane transport by the Tat pathway involve
hydrophilic translocation pores within the membrane that are pre-
dominantly or exclusively composed of TatA. These pores were
suggested to exist either as preformed complexes with different pore
sizes to permit transport of folded proteins with different diameters
[39,40] or to assemble de novo from TatA subunits or subcomplexes in a
tailor-made manner around the substrate protein to be translocated
[23]. Inplants, the existence of amultitude of preformedTatA complexes
of different sizes appears unlikely, because both in Arabidopsis (Fig. 3)
and pea only complexes of uniform size have been detected upon BN-
PAGE, although the apparent molecular weights of the latter can vary
depending on the solubilisation conditions [20]. Even in bacteria
multiple TatA complexes are apparently not essential for Tat-dependent
protein transport. Heterologous expression of the TatAd/Cd system from
B. subtilis in an E. coli tat null mutant results in the accumulation of only
one kind of heteromeric TatAd/Cd complex with a molecular weight of
approximately 230 kDa and an additional single homomeric TatAd
complexof approximately 270kDa.Nevertheless, themutantphenotype
is functionally complemented demonstrating that the two complexes
are sufﬁcient to facilitate Tat-dependent transport in E. coli [41].
Still, the assumption that membrane transport takes place by
hydrophilic translocation pores composed predominantly or exclusively
of TatA implies that TatA is present in themembranes in excess amounts,
since otherwise the number of translocation pores would probably be
too low to permit efﬁcient Tat transport. However, recently published
data have shown that such a stoichiometric surplus of TatA over the
other Tat components is not strictly required. A translational fusion
composed of TatC and a TatA derivative capable of providing the
functions of both, TatA and TatB [42], restores Tat-dependent protein
transport in an E. coli tat null mutant [43]. This demonstrates that
equimolar amounts of TatA and TatC are sufﬁcient to facilitate Tat
transport and, thus, challenges already themodel of a TatA translocation
pore. Moreover, since in A. thaliana TatA is deﬁnitely present only in
substoichiometric amounts (Table 1), its function as the main constitu-
ent of hydrophilic translocationpores appears unlikely. Instead, our data
favour amodel that was recently proposed by Natale et al. [44] inwhich
TatA facilitates Tat-dependent protein transport by “weakening” the
membrane in a yet unknownmanner. Suchweakeningmight enable the
substrates to pass the lipid phase either directly or by assistance of a
conformational change of the TatB/C receptor complex.
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